Genetic anticipation, i.e. increasing disease severity and decreasing age of onset from one generation to the next, is observed in a number of diseases, including myotonic dystrophy type 1, Huntington's disease and several of the spinocerebellar ataxias. All of these disorders are associated with the expansion of a trinucleotide repeat and array length is positively correlated with disease severity and inversely correlated with the age of onset. The expanded repeat is highly unstable and continues to expand from one generation to the next, providing a molecular explanation for anticipation. Spinocerebellar ataxia type 7 (SCA7) is one of the latest additions to the list of triplet repeat diseases and is distinct from the other SCAs in that it is accompanied by retinal degeneration. Pedigree analyses have previously revealed that the SCA7 repeat is highly unstable and liable to expand, in particular when transmitted by a male. Surprisingly, though, an under-representation of male transmission has also been reported. We now demonstrate directly by single molecule analyses that the expanded repeat is extraordinarily unstable in the male germline and biased toward massive increases. Nearly all of the mutant sperm of two SCA7 males contain alleles that are so large that most of the affected offspring would at best have a severe infantile form of the disease. Indeed, the gross under-representation of such very large expanded alleles in patients suggests that a significant proportion of such alleles might be associated with embryonic lethality or dysfunctional sperm.
INTRODUCTION
Highly unstable triplet repeats are now known to account for the unusual genetics of a growing number of inherited human disorders, including fragile X syndrome, myotonic dystrophy type 1 (DM1), Huntington's disease (HD), spinal and bulbar muscular atrophy (SBMA), dentatorubral pallidoluysian atrophy (DRPLA) and several of the spinocerebellar ataxias (1) . A notable feature of many of these diseases is the process of anticipation whereby the disease severity increases and the age of onset decreases from one generation to the next. Anticipation was first well documented in DM1 (2) , where it is often very severe; the disease progressing from the mild late onset form, through the classic adult onset form to the most severe congenital form in as little as three generations (3) . Anticipation has now been explained at the molecular level by the positive correlation of disease severity and the inverse correlation of the age of onset with the inherited repeat length and the propensity of the repeat to increase in length when transmitted through the germline (4) . Spinocerebellar ataxia type 7 (SCA7) is an inherited neurodegenerative disorder which, in addition to ataxia of both gait and limbs, is accompanied by retinal degeneration (5) . The precise clinical features observed in SCA7 are extremely variable, as is the age of onset and duration of the disease, although it is genetically quite homogeneous with all but one of the families mapped having been linked to a locus on chromosome 3p (6) (7) (8) (9) (10) (11) . The age of onset within SCA7 families is, however, not random, but shows a marked decrease from one generation to the next, with a mean rate of anticipation of~24 years/generation (12) . The phenotype and high level of anticipation suggested that SCA7 might well belong to the growing list of inherited human diseases associated with the expansion of a trinucleotide CAG repeat in the coding region of the gene. This hypothesis was supported by data that identified CAG/CTG repeat tract expansions using the anonymous repeat expansion detection method (13) and a novel protein with an expanded polyglutamine array (14) in patients. More recently, the hypothesis was confirmed by cloning the expanded (CAG) n repeat and identification of the SCA7 gene, termed ataxin-7 (15) (16) (17) . Ataxin-7 is an 892 amino acid protein with no known function. The repeat tract is only moderately polymorphic in the normal population (heterozygosity~35%) with alleles in the range 4-19 repeats, but with 75% of alleles containing 10 repeats. Patients have expansions from 38 repeats, whereas individuals with intermediate sized repeats probably have a low risk of disease themselves, but are at risk of transmitting pathogenic expansions to their offspring (18) . As with the other polyglutamine expansion disorders, there is a positive correlation of repeat length with disease severity and an inverse correlation with age of onset. Most affected individuals have alleles in the range 38-60 and individuals with alleles >80 repeats in length are rare. More recently, two individuals have been described with what has been termed infantile SCA7 (19, 20) . In this form of the disease onset occurs at or around birth and, in addition to retinal and neuronal degeneration, is accompanied by patent ductus arteriosus associated with congestive heart failure, severe hypotonia and a failure to thrive. Both affected infants died within 7 months of birth and were subsequently shown to have the largest expansions yet described for the polyglutamine repeat diseases, with alleles in the range~250-300 repeats (19, 20) .
Once in the expanded range, the SCA7 repeat becomes very unstable and is prone to expansion from one generation to the next, accounting for the high level of anticipation observed. Indeed, the SCA7 repeat appears to be the most expansionprone of the polyglutamine expansion disorders. The repeat is particularly unstable on transmission from males with a mean increase of 22 repeats/transmission, compared with only six repeats in females (15) (16) (17) (19) (20) (21) (22) , consistent with the greater level of anticipation observed in paternal transmission. Given that SCA7 is an autosomal dominant disease that affects both sexes equally (23), we would expect transmitting parents to be equally divided between males and females. Indeed, it might even be expected that an excess of male transmission would be observed, since they transmit the largest expansions and therefore would parent more clinically identifiable offspring. It is thus surprising that a recent study of several SCA7 families revealed that most of the transmitting parents of affected individuals were females (22) . This excess was observed not only in the families studied, but also in an analysis of previously published SCA7 families. It was proposed that a possible reason for this apparent under-representation of paternal transmissions could be increased neonatal or fetal wastage associated with the transmission of very large expansions in the male germline (22) .
RESULTS
To determine whether the SCA7 repeat is particularly unstable and prone to large expansions in the male germline we have obtained blood, muscle and sperm DNA from a 33-year-old SCA7 male [individual II.8 in an Ecuadorian SCA family (ESCA) (19) ]. This man had an expanded allele of 53 repeats associated with onset of visual problems at age 15 years and ataxia at age 20. To analyse the level of repeat variability within each sample we have used sensitive single moleculebased small pool PCR (SP-PCR) procedures (24, 25) . Analysis of the blood DNA of this man revealed a significant level of somatic instability for the expanded allele with a sharp lower boundary and a clear bias toward expansion (Fig. 1A) , similar to the pattern of somatic repeat variability observed in DM1 patients (25) (26) (27) . Small gains of up to~10 repeats were frequent, whereas expanded alleles up to 130 repeats in length were seen in a small subset of cells. A similar level of repeat length variation was also observed in muscle (data not shown). In contrast, repeat variability in this man's sperm was extreme, with a massive bias toward large expansions (Fig. 1A) . Individual sizing of 379 expanded sperm alleles amplified from single molecules revealed an essentially 100% mutation rate, 99% biased toward further expansion ( Fig. 2A) . The mean allele size was 189 repeats, representing a mean gain of 136 repeats relative to the 53 repeat progenitor allele. To ascertain whether such gross germline instability might be typical, we purified buccal cell and sperm DNA from the only other SCA7 male donor available to us [individual II.5 in the ESCA family (19) ]. This man, the older brother of the first SCA7 male doner, had a shorter expansion of only 46 repeats and a later age of onset,~26 years. The buccal cells showed a high level of variability clearly biased toward expansion and greater in extent than in the blood or muscle of his brother (Fig. 1B) . Sizing of 199 individually amplified expanded sperm alleles revealed that variation was again extensive (Figs 1B and 2B), although the mean length change was significantly smaller than in his brother (P < 0.001), probably due to the shorter progenitor allele length. Nonetheless, the mutation rate again approached 100%, with a 99% expansion bias and a mean allele length of 150 repeats, representing a mean gain of 104 repeats/transmission. Interestingly, the sperm distribution appeared to be bimodal (Figs 1B and 2B), with peak I centred around~73 repeats and including~20% of the expanded sperm and a second larger peak II centred around 170 repeats and incorporating~80% of expanded sperm. To confirm the bimodal nature of the distribution, more SP-PCRs were performed with higher concentrations of DNA, 200 sperm/reaction (Fig. 3) . Although at such high DNA concentrations individual sperm alleles could no longer be resolved, the bimodal nature of the expanded allele distribution was clearly observed. SP-PCR using very low amounts of sperm DNA (<1 molecule/reaction) revealed similar numbers of reactions to contain expanded and non-expanded alleles; 53:64 and 24:18 for ESCA II.5 and ESCA II.8, respectively. These data indicate that in neither male was there a significant deviation from the expected Mendelian ratio of 1:1 normal versus expanded repeat-containing sperm.
In order to predict the likely phenotypic consequences to the next generation if these men were to father children, we compared the allele size distributions in the sperm with the data relating allele length and age of onset of symptoms. Collation of the published SCA7 genotype-phenotype data (19) (20) (21) (22) reveals that the vast majority (~95%) of patients have allele lengths in the range 38-80 repeats (Fig. 2C) . In this range, repeat length shows a strong inverse correlation with age of onset (coefficient of correlation -0.74), accounting for~54% of the variation in age of onset. Alleles >80 repeats in length are always associated with juvenile onset of symptoms, whereas alleles >150 repeats in length have only been observed in two very severely affected offspring with the infantile form of the disease. In stark contrast to the range of alleles observed in SCA7 patients, 97% of the expanded alleles in the sperm of ESCA II.8 were >80 repeats in length, a size range that includes <5% of the patient population. Moreover, 84% of the sperm of ESCA II.8 were >150 repeats in length, a range that includes <2% of the patient population. Similarly, the majority of mutant sperm from ESCA II.5 contained alleles rarely observed in the patient population, with 87% of alleles >80 repeats and 53% >150 repeats. We predict that virtually all of the large expansions >150 repeats present in these men's sperm would at best give rise to a juvenile form of the disease in the next generation and that the majority would give rise to the severe infantile form with onset in the first year of life. Indeed, the gross underrepresentation of alleles >150 repeats in length in the patient population coupled with the under-representation of male transmission in SCA7 families suggests that sperm carrying such large expansions may be dysfunctional or are embryonic lethals.
DISCUSSION
We have analysed the level of repeat variability in somatic and germline DNA at the SCA7 locus in two brothers with pathogenic CAG expansions. These analyses have revealed levels of male germline instability far in excess of, and biased toward much larger expansions than, those observed in any of the other polyglutamine repeat disorders to date, including those previously analysed by direct sperm analysis such as the HD (28), DRPLA (29) , SBMA (30), SCA1 (31) and SCA3 (32) repeats. Indeed, considering the relatively small progenitor allele lengths in these two men, this locus may be even more unstable than the DM1 locus (25) . Why the SCA7 locus should be so unstable remains unknown, but appears to be associated with the very high GC content of the flanking DNA and its location within a CpG island (33) .
The allele lengths present in these men's sperm are much larger than commonly observed in the polyglutamine expansion disorders. The precise phenotypic consequences of such large alleles remains unknown. However, comparison of the patient genotype with the phenotype data suggests that a high proportion of sperm from such men would give rise to the recently identified infantile form of the disease. It seems likely that this form of the disease with onset of cardiac abnormalities at or around birth is more common than formerly realized in what has traditionally been considered to be a late onset neurodegenerative disorder. Nonetheless, the under-representation of male transmission in SCA7 families and the gross under-representation of such very large expanded alleles in the patient population suggest that a significant proportion of such alleles does not get transmitted to the next generation. Although both men's sperm counts and morphology appeared normal, indicating no major defects in the process of spermatogenesis, it remains possible that such very large expansions might be associated with dysfunctional sperm, i.e. sperm that are unable to fertilize an egg correctly. Alternatively, such large alleles might be associated with embryonic lethality. Although an increased frequency of spontaneous abortions has not been reported as a general feature in SCA7 families, examination of the literature revealed one family with a severely affected child and four early spontaneous abortions associated with an affected father (34) , and other families with unexplained still-born offspring (35) . The normal role of ataxin-7 is unknown; however, it is widely expressed in adult tissues and there is some evidence to suggest that it may be a transcription factor (22) . The retinal degeneration observed in the adult form of the disease and the cardiac phenotype observed in the infantile cases indicate that the pathogenic effect of this expansion is not limited to neuronal tissues in the brain. Analysis of the dbEST database indicates that in addition to a variety of adult tissues, including colon, brain, testes and thymus, and various tumours, ataxin-7 ESTs have been detected in cDNA libraries constructed from human fetal (20 weeks) liver/spleen and placenta (8-9 weeks).
Moreover, the murine homologue of ataxin-7 has been detected in mouse two-cell embryos and fetal heart (data not shown). It therefore seems likely that ataxin-7 is expressed widely during embryonic development and we speculate that expanded alleles may have a toxic effect in very early embryogenesis, perhaps before the stage at which overt pregnancy is apparent.
Given the recent demonstration of de novo expansion of a 28 repeat allele with no associated phenotype to a 47 repeat allele in the next generation (18) and our demonstration of gross expansion from 46 and 53 repeat alleles, we predict the existence of SCA7 families in which only one affected generation would exist (i.e. a normal individual transmitting a moderately expanded allele to a mildly affected individual who would be incapable of transmitting an expansion to live-born offspring due to germ cell dysfunction/embryonic lethality). The phenomenon of a mildly affected parent transmitting only embryonic lethal alleles would represent the most extreme form of genetic anticipation yet identified. Where the production of dysfunctional germ cells can be best accommodated within an anticipatory continuum is subject to discussion, but in molecular terms and evolutionary significance at least germ cell dysfunction represents a similar genetic end-point. The anticipatory scenario described above for SCA7 raises the possibility that large normal alleles at an even more unstable repeat locus could expand from within the normal range to embryonic lethals in a single step presenting a disease whose only phenotype might be an increased rate of spontaneous abortions in a 'normal' parent.
Although we observed gross instability in the sperm of the two brothers whom we have analysed, pedigree analysis in other SCA7 families has revealed several examples of male germline transmission of expanded alleles showing only moderate length change mutations (20) . Moreover, David et al. (21) detected only a relatively small proportion of sperm carrying large alleles (>80 repeats) in a bulk PCR analysis of germline variation in another SCA7 male with a 45 repeat progenitor allele. However, our own studies at other triplet repeat loci have suggested that the electrophoretic profiles generated by bulk PCR analysis with fluorescently labelled primers and detection on automated DNA sequencing type apparatus greatly underestimates the true level of variability within a sample, in particular the presence of large expanded alleles (M.T. Fortune, C. Vassilopoulos, M.I. Coolbaugh, M.J. Siciliano and D.G. Monckton, manuscript in preparation). Nonetheless, the pedigree data indicate that the SCA7 repeat is markedly more stable in some men. Bimodality of the degree of clinical anticipation has also been previously observed in paternal SCA7 transmission (23) . These data suggest the existence of a polymorphism(s) within either cis-or trans-acting genetic modifiers of repeat stability. Putative intralocus cis-acting sequence modifiers of instability have previously been identified at other human tandem repeats (32, 36) and it is possible that the variation in repeat stability observed between SCA7 men/families reflect flanking sequence differences. Alternatively, such variation might result from polymorphic variation, possibly even a simple dimorphism, in trans-acting genetic modifiers of repeat stability. Consistent with the existence of such a polymorphism(s) in human populations, similar allele length-independent variation in relative mutability has been observed through pedigree analyses in DM1 families (37, 38) and in direct sperm analysis in DM1 (25; L. Martorell, D.G. Monckton, J. Gamez and M. Baiget, manuscript in preparation), HD (28) and DRPLA males (29) .
In addition to the apparent bimodality observed between individuals, we also observed bimodality within the expanded sperm distribution of ESCA II.5. This bimodality suggests that the germline mutational pathway includes two different mechanisms, one involving small length changes and one involving large length changes. The small length change mutation events are not dissimilar from those observed in somatic tissues, whereas the large length change mutations appear to be largely germline specific. It is attractive to speculate that the small length change mutations arise in the germline during the premeiotic stages of spermatogenesis in a probably age-dependent manner (25, 28) and that the large length change events take place in a single step during meiosis. The large length change effect may not operate at 100% efficiency for smaller alleles (e.g. ESCA II.5 in this study) or may not operate at all in some men. These hypotheses currently remain highly speculative, but detailed studies such as these and others (25, (28) (29) (30) (31) (32) into the germline dynamics of repeat instability are starting to yield interesting insights into the complex mechanisms and pathways involved.
In summary, we have observed gross germline instability in two SCA7 males that gives rise to the presence, at high frequency, of very large expanded alleles in their sperm. These very large alleles would be predicted to result in the severe infantile form of the disease in the next generation or may even be associated with dysfunctional sperm or embryonic lethality. The levels of germline instability observed in this study are unprecedented in the polyglutamine repeat disorders so far characterized.
MATERIALS AND METHODS

SP-PCR
Sperm DNA was prepared from semen using a differential lysis procedure as previously described (24) . SP-PCR at the SCA7 locus was performed as previously described (25) using PCR primers SCA7-A (5′-GCGACTCTTTCCCCCTTTTTTTTG-3′) and SCA7-BR (5′-GGAAGCCTCAACCCACAGATTC-3′) with the addition of 8% DMSO to the PCR reactions and an annealing temperature of 62°C. The SCA7-specific probe used was the amplification product of a PCR reaction using the internal nested primers SCA7-C (5′-AGGAGCGGAAAGA-ATGTCGGAG-3′) and SCA7-DR (5′-ACGACTGTCCCAG-CATCACTTC-3′) from the DNA of a normal individual. Allele length distributions in sperm were derived by sizing the amplification products derived from SP-PCRs containing 1-10 haploid genome equivalents of DNA per reaction. No contaminating alleles were observed in any of >200 zero DNA controls.
Computer analyses
The SCA7 cDNA sequence [AJ000517 (14, 15) ] was used to search the dbEST database using the BLAST (39) facility at NCBI (http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST/ ) for matching EST sequences. Statistical analyses were performed with Microsoft Excel.
